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Abstract
C-reactive protein (CRP) is a non-specific diagnostic marker of inflammation and an evolutionarily conserved protein with 
roles in innate immune signaling. Natural CRP is composed of five identical globular subunits that form a pentamer, but 
the role of pentameric CRP (pCRP) during inflammatory pathogenesis remains controversial. Emerging evidence suggests 
that pCRP can be dissociated into monomeric CRP (mCRP) that has major roles in host defenses and inflammation. Here, 
we discuss our current knowledge of the dissociation mechanisms of pCRP and summarize the stepwise conformational 
transition model to mCRP to elucidate how CRP dissociation contributes to proinflammatory activity. These discussions 
will evoke new understanding of this ancient protein.
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Introduction

C-reactive protein (CRP) is an acute phase protein primar-
ily expressed and secreted by the liver. In response to tis-
sue injury or infection, the plasma concentrations of CRP 
can increase rapidly from baseline levels of less than 1 µg/
mL within 48 h. In addition, the CRP concentration also 
increases in chronic inflammatory diseases, including car-
diovascular and autoimmune disease. Due to the correlation 
between CRP and inflammation, CRP has attracted wide 
attention as a non-specific marker to evaluate and moni-
tor the development of infection and inflammation, and as 
a prognostic marker for cardiovascular events. However, 
emerging evidence indicates that CRP not only indicates 
inflammation, but also regulates innate immunity and 
inflammatory progression.

CRP exists in both native pentameric (pCRP) and mon-
omeric conformations (mCRP). Although this has long 
been recognized, the relationship between different CRP 

conformations and their respective roles in inflammation 
is less well understood. Contradictory conclusions on the 
physiological functions of CRP have resulted. Over the past 
decade, our understanding of the mechanism by which pCRP 
depolymerizes to mCRP, and the differing roles of these two 
conformational CRP in the development of inflammation 
has rapidly increased. These progressions not only explained 
the reason of confusing findings, but also motivated people 
to revive interest in the ancient protein and to reassess its 
contribution to many diseases. This article will review the 
latest advances in our understanding of the CRP conforma-
tional changes and their involvement in the development of 
inflammation.

Structural characteristics of CRP provide 
insight into conformational changes

Native CRP is pentameric

Native CRP secreted by the liver consists of five identical 
subunits that are 206 amino acids in length. The crystal 
structure of CRP shows that five subunits with the same 
orientation tightly assemble via non-covalent bonds to form 
a discoid pentamer with a central void [1]. Each CRP subu-
nit contains a hydrophobic core composed of two antipar-
allel beta-sheets stabilized by the only intrachain disulfide 
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bond. On the opposite side of the disulfide bond, the subunit 
can bind two calcium ions (Fig. 1) [1] which are important 
for structural integrity and pentamer stability. When pCRP 
is stored in buffers lacking calcium or containing EDTA, 
pCRP depolymerizes [2, 3] leading to loosely associated 
subunits that can be hydrolyzed by proteases [4]. In addi-
tion, the calcium-dependent binding to ligands, e.g., phos-
phocholine (PC), highlights the importance of calcium 
ions for CRP functionality. From the structure of CRP co-
crystallized with PC and calcium, the major interaction 
occurs between the phosphate group of PC and the calcium 
bound to CRP (Fig. 1) [4]. In addition to PC, pCRP can bind 
diverse ligands including polysaccharides, polycations pro-
tein and chromatin, through its recognition face [5]. Ligand 
binding leads to subunit rotation facilitating the interaction 
of CRP with complement C1q or FcγR, FcαR, SR-A, and 
LOX-1 receptors, allowing it to participate in host defense 
and immune regulation [5].

mCRP is a naturally occurring isoform of CRP

pCRP incubated with 8 mol/L urea containing 10 mmol/L 
EDTA or heated at 63 °C for 5 min can be dissociated into 
its subunit, termed mCRP [2, 6]. The dissociation to mCRP 
is accompanied by a loss of secondary structural elements 
and significant alterations in tertiary structure contributing 
to mCRP epitope expression [7–11]. Immunohistochemical 
analyses demonstrated that CRP located in inflammatory 
tissue can be recognized by antibodies recognizing residues 
199–206 [12–15]. The epitope exists in subunit of pCRP and 

is exposed when pCRP undergoes conformational changes. 
Additionally, autoantibodies against mCRP were found in 
active lupus nephritis [16], indicating that mCRP antigens 
are naturally expressed in vivo. Crawford et al. [17] reported 
that mCRP-microparticles can be quantified in individuals 
with peripheral artery disease and that the measured levels 
do not correlate with pCRP levels. Zhang et al. [18] suc-
cessfully quantified human serum mCRP using ELISA tech-
niques based on commercially available reagents and dem-
onstrated that mCRP is a more reliable marker than pCRP in 
several skin-related autoimmune disorders. The culmination 
of these studies highlights that mCRP is a naturally occur-
ring isoform of CRP that plays a significant role in inflam-
matory processes.

pCRP* is the predominant conformation of CRP 
deposited in inflammatory tissue

Even though CRP deposited in inflamed tissue can be rec-
ognized by antibodies–recognizing residues 199–206, this 
cannot reflect quaternary structure of deposited CRP. Braig 
et al. [11] reported that pCRP bound to microvesicles origi-
nated from LPS–stimulated cells could undergo structural 
changes that lead to the formation of another pCRP isoform. 
The isoform, termed as pCRP*, expresses subunit epitope 
but maintains pentameric symmetry. pCRP* should resemble 
the intermediate conformation emerging in the process of 
pCRP dissociation. Braig et al. [11] further demonstrated 
that pCRP* is the predominant conformation of CRP depos-
ited in inflamed or injured tissue. Similar to mCRP, pCRP* 

Fig. 1   Structure of pCRP (PDB:1B09). pCRP consists of five iden-
tical subunits. Each subunit contains a hydrophobic core stabilized 
by the only intrachain disulfide bond (yellow). On the opposite side 

of the disulfide bond, the subunit can bind two calcium ions (green), 
which participate in the binding of PC (purple)
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can exert serious proinflammatory activities including acti-
vation of complement, expression of cell adhesion molecules 
on endothelial cells and recruitment of leukocytes.

Both pCRP* and mCRP are proinflammatory isoforms 
of CRP. However, the activity of pCRP* is also different 
from that of mCRP. pCRP* has stronger ability to bind C1q 
and activate the classical complement pathway than mCRP 
[11]. By contrast, mCRP not only activates the complement 
cascade but also negatively regulates the degree of inflam-
matory response by aiding opsonization. Mihlan et al. [19] 
demonstrated that mCRP can recruit and bind Factor H to 
enhance C3b inactivation and inhibit the expression of pro-
inflammatory cytokines. O’Flynn [20] showed that mCRP is 
an inhibitor of properdin and can limit aggravation of tissue 
injury by inhibiting complement activation of properdin-
directed alternative pathway. Additionally, mCRP can effi-
ciently promote uptake of mCRP-decorated vesicles by mac-
rophages due to its more stretched and disordered structure 
[11]. Thus pCRP* and mCRP may represent different time 
points in cascade of inflammation.

Membrane–induced dissociation of pCRP 
releases its proinflammatory activity

In vitro studies revealed that the incubation of human cor-
onary artery endothelial cells (HCAEC) with mCRP for 
4 h increased the secretion of interleukin-8 (IL-8), and the 
expression of monocyte chemoattractant protein-1 (MCP-1), 
intercellular adhesion molecule-1 (ICAM-1), E-selectin and 
vascular adhesion molecule-1 (VCAM-1) [21]. However, 
proinflammatory effects were observed only after incubation 
with pCRP for 24 h [21–23]. In addition, Ji et al. [8] demon-
strated that mCRP could strongly bind to C1q and activate 
the classical complement pathway after immobilization on 
microtiter plates. By contrast, pCRP exhibited low affinity 
to C1q [8]. Although pCRP also bind C1q after immobili-
zation, obvious conformation alteration occurred in pCRP 
result in exposure of mCRP epitope [8]. These evidences 
indicated that conformational changing of pCRP releases 
its proinflammatory activities.

Ji et al. [7] elucidated the process of pCRP structural 
alterations that lead to the formation of mCRP under phys-
iological condition. The results demonstrated that bind-
ing of pCRP to EggPC/lysoPC–fused liposomes or apop-
totic cell membrane domains containing lysoPC rapidly 
induces steric structural changes leading to the decreased 
tryptophane fluorescence and exposure of neoepitopes in 
the pCRP subunit. This reflect the changing of tertiary 
and oligomeric structure of pCRP. Results from electron 
microscopy studies show that pCRP bound to monolayers 
containing lypoPC primarily exhibit pentameric structure 
for 30 min [7]. After 2 h, pCRP loses its cyclic structure 

evidently [7]. If continued to incubate for 24–48 h, pCRP 
completely disassociates into subunits [7].

In the past few years, the mechanism by which CRP 
interacts with cell membranes has been studied intensively. 
Treating apoptotic cells with exogenous PLA2 to catalyze 
lysoPC generation can significantly promote pCRP bind-
ing and the expression of epitopes in CRP subunits [7]. 
In vivo studies supported these findings by demonstrat-
ing that blocking PLA2 could abrogate pCRP dissociation, 
blunting the proinflammatory activity of CRP [24]. This 
indicates that membrane domains containing lysoPC are 
the major location for pCRP binding on cell membranes. 
In addition to lysoPC, lipid rafts, membrane domain con-
taining high content of cholesterol and sphingomyelin, 
also participate in pCRP binding and dissociation [7]. On 
one hand, cholesterol and PC headgroup of sphingomyelin 
are natural ligand of pCRP. On the other hand, the assem-
bly pattern of cholesterol and sphingomyelin in lipid rafts 
may be analogous to environment of altered membrane 
[7]. Dissociation also occurs after pCRP attaches to plastic 
surfaces [25], immobilized PC and polylysine [7]. These 
results suggest that the hydrophobic microenvironment 
of cell surface and multipoint attachment are necessary 
for the binding and dissociation of pCRP [7]. Membrane 
curvature is an important factor influencing this process 
[26]. This may explain why pCRP* formation can occur 
on microvesicles rather than apoptotic bodies which have 
diameter of 1–5 μm and are larger than microvesicles [11, 
27]. In addition, membrane fluidity or lateral movement 
of ligand also promotes the separation of dissociated CRP 
subunits on the cell surface [7].

The mechanism of membrane-induced pCRP dissocia-
tion may reflect the regulation of CRP structure and func-
tion under pathological conditions. Eisenhardt et al. [13] 
demonstrated that activated platelets mediate the dissocia-
tion of pCRP to mCRP by exposing lysoPC on their cell 
membranes, thereby unmasking the proinflammatory effects 
of CRP and limiting its effects on atherosclerotic plaques. 
Habersberger et al. [28] reported that circulating microparti-
cles (MP) enriched in lysoPC were more abundant following 
myocardial infarction. These MPs not only convert pCRP 
into mCRP, but also carry and transport mCRP to the sur-
face of endothelial cells exerting proinflammatory functions. 
Strang et al [29] demonstrated that mCRP can be detected 
in the cerebral cortex obtained from Alzheimer’s disease 
(AD) patients, and co-localize with β-amyloid plaques. Fur-
ther studies have demonstrated that aggregated β-amyloid 
plaques can dissociate pCRP to mCRP [29], which may 
reflect an important mechanism of CRP’s involvement in 
AD. The culmination of these in vivo data not only promoted 
the development of membrane induced pCRP dissociation 
mechanisms, but also sparked further interest into the physi-
ological roles of different conformational CRP.
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mCRP exerts its proinflammatory activity 
primarily via interaction with lipid raft

FcγRIIIb (CD16) has been identified as an mCRP receptor. 
Through its interaction with CD16, mCRP can delay neu-
trophil apoptosis [30] and induce its activation [31], adher-
ence, and migration [32]. mCRP also activates HAECs 
[33, 34] and stimulates monocytes to generate reactive 
oxygen species (ROS) [12] through its interaction with 
CD16. However, the activity of mCRP is only partially 
inhibited by CD16 blockade [30, 33] indicating that other 
mCRP—cell membrane interactions occur. Removal of 
surface protein and polysaccharide by trypsin or polysac-
charide lyases had no effect on mCRP binding [9]. Further 
evaluation showed that washing with high salt, acid, or 
alkaline after binding of mCRP with HAECs cannot detach 
mCRP from cells [9]. These results indicate that the inter-
action of mCRP with cells is independent of peripheral 
receptor, and cell-bound mCRP may be incorporated into 
cell membrane as an integral membrane protein. Indeed, 
the way of the interaction between mCRP and cell mem-
brane is consistent with the structural characteristics of 
mCRP. These characteristics, including a hydrophobic 
main structure and a prominent α-helix, reflect a possibil-
ity of mCRP as a membrane protein.

Lipid raft, enriched in cholesterol, sphingomyelin and 
other long-chain saturated fatty acids, is microdomain 
commonly found in cell membrane. Many important 
components of cell signaling networks, including GPI-
connexin, G protein-coupled receptor (GPCR), epidermal 
growth factor receptor (EGFR) and T cell receptor (TCR), 
either reside in lipid rafts constitutively or are recruited 
into lipid raft rapidly in response to a specific stimulus. 
Ji et al. [9] showed that mCRP can be significantly incor-
porated into monolayers containing lipid raft components 
(lecithin/ cholesterol/ sphingolipid) by hydrophobic inser-
tion, independent of Fcγ and proteoglycan receptors. Ji el 
al. [9] also showed that mCRP colocalized with cholera 
toxin β subunit, a marker of lipid rafts in U937 cells lack-
ing CD16. Additionally, the use of MβCD and nystatin to 
destroy lipid rafts in HAECs can completely inhibit mCRP 
binding leading to reduced ROS production and reduced 
expression or secretion of ICAM-1, VCAM-1, E-selectin, 
MCP-1 and IL-8 [9].

Detailed studies have revealed that cholesterol is a key 
component mediating the insertion of mCRP into lipid 
rafts. The interaction between mCRP and liposomes or 
endothelial cells is dependent on the concentration of cho-
lesterol in the membranes [9]. Sequence analysis found 
that the cholesterol binding sequence (CBS: aa 35–47) and 
C-terminal octapeptide (aa 199–206) in mCRP are directly 
involved in lipid raft association [9, 35]. Preincubation of 

mCRP with 8C10 mAb (recognizes aa 22–45) suppresses 
about 40% of mCRP insertion into monolayer containing 
raft components, whereas the suppression exceeds 60% 
when using 3H12 mAb (recognizes aa 199–206) [9]. The 
evidence demonstrated that C-terminal octapeptide (aa 
199–206) is a major determinant of mCRP insertion into 
lipid raft. Structural analysis showed that in pCRP, CBS is 
buried in the hydrophobic core of the subunit, whilst the 
C-terminal octapeptide is located at the interface between 
subunits [35]. Following the dissociation of pCRP on 
membranes, the sequences become exposed. mCRP then 
binds to cholesterol through CBS and inserts into lipid 
rafts through its C-terminal octapeptide [9]. However, 
mCRP is sensitive to proteolysis after dissociated from 
pCRP [36, 37]. Some studies reported that mCRP can be 
digested by membrane protease of activated neutrophils 
to generate many bioactive peptides, including peptide 
201–206 [38, 39], which could attenuate recruitment of 
neutrophils [39, 40], platelet activation [41], and platelet 
capture of neutrophils [41], thereby limiting the process 
of inflammation. These mechanisms explain how cell 
membranes regulate CRP structure and function and how 
mCRP interacts with membranes following its formation.

Reduction of disulfide bond enhances 
the proinflammatory activity of mCRP

mCRP when obtained from different preparation methods 
displays significantly altered biological activity. Although 
both mCRP prepared by denaturing pCRP with urea and by 
gene recombination express same epitope, the latter have 
stronger proinflammatory activity. Ji et al. [42] reported 
that recombinant mCRP binds more strongly to LDL. Wang 
et al. [10] reported that recombinant mCRP has stronger 
abilities to bind complement C1q and further activate com-
plements, to activate HAECs cells to express proinflamma-
tory cytokines (MCP-1, IL-8) and cell adhesion molecules 
(VCAM-1, ICAM-1, E-selectin), and to promote adhesion of 
monocytes to HAECs cells. However, following the reduc-
tion of intrachain disulfide bond, mCRP originating from 
urea denatured pCRP exhibits similar activity to recombi-
nant mCRP. This indicates that intrachain disulfide bond is 
an important switch of mCRP function. This hypothesis was 
proven by Wang et al. who reported that mCRP frequently 
colocalized with thioredoxin in atherosclerotic plaques [10].

Each CRP subunit contains two evolutionarily con-
served cysteine residues (Cys36, Cys97) that form intra-
chain disulfide bond to stabilize the hydrophobic core of 
the subunit. Following disulfide bond reduction, CRP 
subunits exist in an extended configuration [3]. How-
ever, disulfide bonds are only reduced when pCRP dis-
sociates into monomeric subunits, indicating that pCRP 
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dissociation is a prerequisite for the reduction of disulfide 
bonds [10]. Based on the location of Cys36 in CBS, it 
is speculated that the reduction of disulfide bond or the 
mutation of cysteine residues improves CBS exposure. In 
fact, removing the disulfide bond by reduction or mutation 
can promote the interaction of mCRP with lipid rafts [10], 
contributing to the amplified proinflammatory activity of 
reduced mCRP.

Model of stepwise conformation transition 
of CRP to modulate inflammatory response

In summary, conformational changes that lead to proin-
flammatory CRP activity should have the following process 
(Fig. 2). Firstly, pCRP binds to multivalent ligands in the 
membranes of damaged or activated cells, which overcomes 
the stabilizing effects of Ca2+ that maintain pCRP. Subse-
quently, pCRP undergoes rapid and partial conformational 

Fig. 2   Model of stepwise dissociation of pCRP to mCRP. pCRP 
binds to PC exposed in the membranes of activated cells and under-
goes significant conformational changes leading to the exposure of 
subunit epitopes. At this point, dissociated CRP subunits are still 
restricted to a pentameric symmetry. The conformation has stronger 
ability to bind C1q facilitating activation of complements. Next, these 

subunits are detached from pentamer and form membrane-bound 
mCRP or free mCRP. mCRP can activate various of cells via inter-
action with CD16 and lipid raft leading to a series of inflammatory 
response. The proinflammatory activity of mCRP can be exaggerated 
following reduction of intrachain disulfide bond. The figure is cited 
from Caprio’s work [43] and modified properly
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changes which disrupt the steric hindrance from the neigh-
boring subunit and lead to the exposure of subunit epitopes 
and C1q binding site. At this point, dissociated CRP subu-
nits are still restricted to a pentameric symmetry (pCRP*). 
However, the altered conformation can exert serious of pro-
inflammatory activities and activate the classical comple-
ment pathway by binding C1q. Thus, the rapid conforma-
tion alteration of pCRP to pCRP* may contribute to acute 
phase response, and complement mediated tissue injury and 
clearance of endogenous cells or infected bacteria. After a 
longer duration, CRP subunits separate from each other 
under the action of membrane fluidity to form mCRP, which 
is accompanied by a loss of secondary structural elements 
and significant alterations in tertiary structure. Since altered 
ligand interaction ability, mCRP exhibit distinct bioactivi-
ties. mCRP can effectively insert into cell membrane and 
promote cellular response by exposed CBS and C-terminal 
sequence. Additionally, mCRP can regulate LDL metabo-
lism and complement activation. Reductive substances 
located on the damaged or activated cell membranes then 
reduce the disulfide bond in mCRP, causing CBS to be 
exposed completely, promoting the binding of mCRP with 
lipid rafts and the execution of its proinflammatory activity 
via raft–associated signaling pathways. However, the proin-
flammatory activities of reduced mCRP might be limited by 
proteolysis or aiding opsonization. Therefore, this model not 
only describes the pCRP dissociation process that underlies 
many pathophysiological conditions and the generation of 
mCRP in vivo, but also explains how proinflammatory activ-
ity can be precisely regulated by sequential conformational 
changes in CRP. Through this mechanism, the proinflamma-
tory activity of CRP is localized to inflammatory foci, avoid-
ing systemic inflammatory effects caused by fluctuations in 
CRP concentrations.

Perspective

At present, the mechanism of how CRP participates in pro-
inflammatory responses has been studied in detail. It is con-
cluded that pCRP is a basic structural form, whilst mCRP 
represents the active structural form. The change in con-
formation from pCRP to mCRP is an important regulator 
of the proinflammatory activity of CRP and explains why 
elevated CRP in the plasma does not lead to systemic inflam-
matory responses. However, the systematic overexpression 
of CRP appears wasteful if conformation changes are the 
only mechanism by which CRP participates in inflammatory 
responses. The in vivo data published recently demonstrated 
that sieving effect of basement membrane beneath endothe-
lial cells retards the transcytosis of serum CRP towards 
underlying tissues [44]. This indicate that CRP deposited 
in inflammation lesions is mainly produced in situ, rather 

than from the transcytosis of circulating CRP. In addition to 
liver, in fact, CRP also be expressed in other tissue or cells 
including kidney [45], lung [46], neuronal [47], adipocytes 
[48], and leukocytes [49]. Therefore, sieving effect of base-
ment membrane indicates the functional differences between 
CRP originated from liver and from extra-hepatic cells, and 
highlights the potential importance of locally produced CRP 
in inflammation. However, we now know little about the dif-
ference of CRP from different sources.

Conservative analysis demonstrated that cysteine (Cys36, 
Cys97), CBS (aa 35–47), Ca2+ binding sites, PC binding 
sites and C1q binding sites are highly conserved in CRP 
from zebrafish and humans [50, 51]. However, in zebrafish, 
multiple genes (crp 1–7) encoding CRP-like proteins, and 
their transcript variants have been detected [51]. Highly vari-
able phospholipid binding sites exist between different CRP-
like proteins indicating different phospholipid binding spe-
cificities. This is important for zebrafish with less advanced 
adaptive immune systems and incomplete antibody. It is, 
therefore, speculated that CRP-like proteins may represent 
the original model of the adaptive immune response and 
are ancestors of antibody. Accordingly, CRP may be a link 
between innate and adaptive immunity. Zhang et al. [52] 
reported that pCRP can bind to Jurkat cells and naïve T cells 
independent of Ca2+ and PC, resulting in their differentia-
tion to Th2. This reflects the contribution of CRP in shap-
ing the adaptive immune response. However, further details 
regarding the involvement of CRP in modulating adaptive 
immunity are now required.

Current evidence has shown that pCRP can be dissoci-
ated to mCRP at inflammatory foci, which contributes to the 
exposure of its proinflammatory activities. The tight cor-
relation of mCRP and inflammation indicate that mCRP is 
a more specific marker of underlying inflammatory patho-
logical processes than pCRP. Human serum mCRP has been 
successfully quantified by ELISA based on commercially 
available antibodies revealing it to be a reliable marker of 
skin-related autoimmune disorders [18]. This indicated that 
mCRP may represent a new biomarker for the diagnosis and 
prognosis of inflammatory–related diseases.

As CRP is a direct participant in inflammation, the devel-
opment of specific drugs targeting CRP dissociation repre-
sents a strategy of disease treatment [43]. Recent studies 
demonstrated that synthetic cholesterol binding sequences 
can inhibit mCRP–induced adhesion of endothelial cells 
in vitro and the release of IL-6 in mice by abrogating mCRP 
binding to lipid raft [35]. In addition, the peptide 201–206 
can inhibit the adhesion of neutrophils to endothelial cells 
and platelets by interacting with FcγRII (CD32) [41]. Fur-
thermore, 1,6 bis-phosphocholine (bisPC), a specific small 
molecule CRP inhibitor that crosslink two pentameric 
CRP by binding to phosphocholine binding site, can pre-
vent the dissociation of pCRP and abrogate the increase of 
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myocardial injury induced by CRP [24, 53]. The positive 
effect of bisPC may be attributed to blocking of interaction 
between pCRP and LPC-enriched microvesicles, thus inhib-
iting complement-mediated tissue injury and CRP-mediated 
leukocyte recruitment [11, 24]. Even though some therapeu-
tic effects were demonstrated in animal models, low half-life 
and low CRP affinity may restrict its clinical application 
[11]. However, some new designed small molecule inhibi-
tors that inhibit pCRP dissociation or PLA2 exposure may 
also have good prospects [43]. Therefore, the development 
of anti-inflammatory drugs targeting CRP dissociation may 
be a promising option for future therapies.

Acknowledgements  The authors apologize to those whose articles 
have not been cited due to space limitations. This article was sup-
ported by Research Project of Xi’an Post-doctoral Innovative Base 
to Z. Yao, and Major Project of Xi’an Children’s Hospital (Grant No. 
2018A05 to Z. Yao).

Compliance with ethical standards 

Conflict of interest  The authors declare that there are no conflicts of 
interest.

References

	 1.	 Shrive AK, Gheetham GM, Holden D, Myles DA, Turnell WG, 
Volanakis JE, Pepys MB, Bloomer AC, Greenhough TJ. Three 
dimensional structure of human C-reactive protein. Nat Struct 
Mol Biol. 1996;3:346–54. https​://doi.org/10.1038/nsb04​96-346.

	 2.	 Potempa LA, Maldonado BA, Laurent P, Zemel ES, Gewurz 
H. Antigenic, electrophoretic and binding alterations of human 
C-reactive protein modified selectively in the absence of calcium. 
Mol Immunol. 1983;20:1165–75. https​://doi.org/10.1016/0161-
5890(83)90140​-2.

	 3.	 Potempa LA, Yao ZY, Ji SR, Filep JG, Wu Y. Solubilization and 
purification of recombinant modified C-reactive protein from 
inclusion bodies using reversible anhydride modification. Biophys 
Rep. 2015;1:18–33. https​://doi.org/10.1007/s4104​8-015-0003-2.

	 4.	 Thompson D, Pepys MB, Wood SP. The physiological structure of 
human C-reactive protein and its complex with phosphocholine. 
Structure. 1999;7:169–77.

	 5.	 Wu Y, Potempa LA, El Kebir D, Filep JG. C-reactive protein and 
inflammation: conformational changes affect function. Biol Chem. 
2015;396:1181–97. https​://doi.org/10.1515/hsz-2015-0149.

	 6.	 Kresl JJ, Potempa LA, Anderson BE. Conversion of native oli-
gomeric to a modified monomeric form of human C-reactive 
protein. Int J Biochem Cell Biol. 1998;30:1415–26. https​://doi.
org/10.1016/S1357​-2725(98)00078​-8.

	 7.	 Ji SR, Wu Y, Zhu L, Potempa LA, Sheng FL, Lu W, Zhao J. Cell 
membranes and liposomes dissociate C-reactive protein (CRP) to 
form a new, biologically active structural intermediate: mCRP(m). 
FASEB J. 2007;21:284–94. https​://doi.org/10.1096/fj.06-6722c​
om.

	 8.	 Ji SR, Wu Y, Potempa LA, Liang YH, Zhao J. Effect of modified 
C-reactive protein on complement activation: a possible comple-
ment regulatory role of modified or monomeric C-reactive pro-
tein in atherosclerotic lesions. Arterioscler Thromb Vasc Biol. 
2006;26:935–41. https​://doi.org/10.1161/01.atv.00002​06211​
.21895​.73.

	 9.	 Ji SR, Ma L, Bai CJ, Shi JM, Li HY, Potempa LA, Filep JG, 
Zhao J, Wu Y. Monomeric C-reactive protein activates endothe-
lial cells via interaction with lipid raft microdomains. FASEB J. 
2009;23:1806–16. https​://doi.org/10.1096/fj.08-11696​2.

	10.	 Wang MY, Ji SR, Bai CJ, El Kebir D, Li HY, Shi JM, Zhu W, 
Costantino S, Zhou HH, Potempa LA, Zhao J, Filep JG, Wu 
Y. A redox switch in C-reactive protein modulates activation 
of endothelial cells. FASEB J. 2011;25:3186–96. https​://doi.
org/10.1096/fj.11-18274​1.

	11.	 Braig D, Nero TL, Koch HG, Kaiser B, Wang X, Thiele JR, Mor-
ton CJ, Zeller J, Kiefer J, Potempa LA, Mellett NA, Miles LA, 
Du XJ, Meikle PJ, Huber-Lang M, Stark GB, Parker MW, Peter 
K, Eisenhardt SU. Transitional changes in the CRP structure lead 
to the exposure of proinflammatory binding sites. Nat Commun. 
2017;8:14188. https​://doi.org/10.1038/ncomm​s1418​8.

	12.	 Thiele JR, Habersberger J, Braig D, Schmidt Y, Goerendt K, 
Maurer V, Bannasch H, Scheichl A, Woollard KJ, von Dobschütz 
E. Dissociation of pentameric to monomeric C-reactive protein 
localizes and aggravates inflammation in vivo proof of a powerful 
proinflammatory mechanism and a new anti-inflammatory strat-
egy. Circulation. 2014;130:35–50. https​://doi.org/10.1161/CIRCU​
LATIO​NAHA.113.00712​4.

	13.	 Eisenhardt SU, Habersberger J, Murphy A, Chen YC, Woollard 
KJ, Bassler N, Qian H, von Zur Muhlen C, Hagemeyer CE, Ahrens 
I, Chin-Dusting J, Bobik A, Peter K. Dissociation of pentameric 
to monomeric C-reactive protein on activated platelets localizes 
inflammation to atherosclerotic plaques. Circ Res. 2009;105:128–
37. https​://doi.org/10.1161/CIRCR​ESAHA​.108.19061​1.

	14.	 Schwedler SB. Tubular staining of modified C-reactive protein 
in diabetic chronic kidney disease. Nephrol Dial Transplant. 
2003;18:2300–7. https​://doi.org/10.1093/ndt/gfg40​7.

	15.	 Thiele JR, Zeller J, Bannasch H, Stark GB, Peter K, Eisen-
hardt SU. Targeting C-reactive protein in inflammatory dis-
ease by preventing conformational changes. Mediat Inflamm. 
2015;2015:372432. https​://doi.org/10.1155/2015/37243​2.

	16.	 Li QY, Li HY, Fu G, Yu F, Wu Y, Zhao MH. Autoantibod-
ies against C-reactive protein influence complement activa-
tion and clinical course in lupus nephritis. J Am Soc Nephrol. 
2017;28:3044–54. https​://doi.org/10.1681/ASN.20160​70735​.

	17.	 Crawford JR, Trial J, Nambi V, Hoogeveen RC, Taffet GE, Entman 
ML. Plasma levels of endothelial microparticles bearing mono-
meric C-reactive protein are increased in peripheral artery disease. 
J Cardiovasc Transl Res. 2016;9:184–93. https​://doi.org/10.1007/
s1226​5-016-9678-0.

	18.	 Zhang L, Li HY, Li W, Shen ZY, Wang YD, Ji SR, Wu Y. An 
ELISA assay for quantifying monomeric C-reactive protein in 
plasma. Front Immunol. 2018;9:511. https​://doi.org/10.3389/
fimmu​.2018.00511​.

	19.	 Mihlan M, Stippa S, Jozsi M, Zipfel PF. Monomeric CRP contrib-
utes to complement control in fluid phase and on cellular surfaces 
and increases phagocytosis by recruiting factor H. Cell Death Dif-
fer. 2009;16:1630–40. https​://doi.org/10.1038/cdd.2009.103.

	20.	 O’Flynn J, van der Pol P, Dixon KO, Prohaszka Z, Daha MR, 
van Kooten C. Monomeric C-reactive protein inhibits renal 
cell-directed complement activation mediated by properdin. 
Am J Physiol Renal Physiol. 2016;310:F1308–16. https​://doi.
org/10.1152/ajpre​nal.00645​.2014.

	21.	 Khreiss T, József L, Potempa LA, Filep JG. Conformational 
rearrangement in C-reactive protein is required for proin-
flammatory actions on human endothelial cells. Circulation. 
2004;109:2016–22.

	22.	 Venugopal SK, Devaraj S, Yuhanna I, Shaul P, Jialal I. Dem-
onstration that C-reactive protein decreases eNOS expression 
and bioactivity in human aortic endothelial cells. Circulation. 
2002;106:1439–41. https​://doi.org/10.1161/01.CIR.00000​33116​
.22237​.F9.

https://doi.org/10.1038/nsb0496-346
https://doi.org/10.1016/0161-5890(83)90140-2
https://doi.org/10.1016/0161-5890(83)90140-2
https://doi.org/10.1007/s41048-015-0003-2
https://doi.org/10.1515/hsz-2015-0149
https://doi.org/10.1016/S1357-2725(98)00078-8
https://doi.org/10.1016/S1357-2725(98)00078-8
https://doi.org/10.1096/fj.06-6722com
https://doi.org/10.1096/fj.06-6722com
https://doi.org/10.1161/01.atv.0000206211.21895.73
https://doi.org/10.1161/01.atv.0000206211.21895.73
https://doi.org/10.1096/fj.08-116962
https://doi.org/10.1096/fj.11-182741
https://doi.org/10.1096/fj.11-182741
https://doi.org/10.1038/ncomms14188
https://doi.org/10.1161/CIRCULATIONAHA.113.007124
https://doi.org/10.1161/CIRCULATIONAHA.113.007124
https://doi.org/10.1161/CIRCRESAHA.108.190611
https://doi.org/10.1093/ndt/gfg407
https://doi.org/10.1155/2015/372432
https://doi.org/10.1681/ASN.2016070735
https://doi.org/10.1007/s12265-016-9678-0
https://doi.org/10.1007/s12265-016-9678-0
https://doi.org/10.3389/fimmu.2018.00511
https://doi.org/10.3389/fimmu.2018.00511
https://doi.org/10.1038/cdd.2009.103
https://doi.org/10.1152/ajprenal.00645.2014
https://doi.org/10.1152/ajprenal.00645.2014
https://doi.org/10.1161/01.CIR.0000033116.22237.F9
https://doi.org/10.1161/01.CIR.0000033116.22237.F9


822	 Z. Yao et al.

1 3

	23.	 Pasceri V, Willerson JT, Yeh ET. Direct proinflammatory effect 
of C-reactive protein on human endothelial cells. Circulation. 
2000;102:2165–8. https​://doi.org/10.1161/01.CIR.102.18.2165.

	24.	 Thiele JR, Habersberger J, Braig D, Schmidt Y, Goerendt K, Mau-
rer V, Bannasch H, Scheichl A, Woollard KJ, von Dobschutz E, 
Kolodgie F, Virmani R, Stark GB, Peter K, Eisenhardt SU. Dis-
sociation of pentameric to monomeric C-reactive protein local-
izes and aggravates inflammation: in vivo proof of a powerful 
proinflammatory mechanism and a new anti-inflammatory strat-
egy. Circulation. 2014;130:35–50. https​://doi.org/10.1161/CIRCU​
LATIO​NAHA.113.00712​4.

	25.	 Potempa LA, Siegel JN, Fedel BA, Potempa RT, Gewurz H. 
Expression, detection and assay of a neoantigen (Neo-CRP) 
associated with a free, human C-reactive protein subunit. Mol 
Immunol. 1987;24:531–41. https​://doi.org/10.1016/0161-
5890(87)90028​-9.

	26.	 Wang MS, Messersmith RE, Reed SM. Membrane curvature 
recognition by C-reactive protein using lipoprotein mimics. Soft 
Matter. 2012;8:7909–18. https​://doi.org/10.1039/C2SM2​5779C​.

	27.	 Poon IKH, Lucas CD, Rossi AG, Ravichandran KS. Apoptotic 
cell clearance: basic biology and therapeutic potential. Nat Rev 
Immunol. 2014;14:166–80.

	28.	 Habersberger J, Strang F, Scheichl A, Htun N, Bassler N, Meri-
virta RM, Diehl P, Krippner G, Meikle P, Eisenhardt SU, Mer-
edith I, Peter K. Circulating microparticles generate and transport 
monomeric C-reactive protein in patients with myocardial infarc-
tion. Cardiovasc Res. 2012;96:64–72. https​://doi.org/10.1093/cvr/
cvs23​7.

	29.	 Strang F, Scheichl A, Chen YC, Wang X, Htun NM, Bassler N, 
Eisenhardt SU, Habersberger J, Peter K. Amyloid plaques dis-
sociate pentameric to monomeric C-reactive protein: a novel 
pathomechanism driving cortical inflammation in Alzheimer’s 
disease? Brain Pathol. 2012;22:337–46. https​://doi.org/10.111
1/j.1750-3639.2011.00539​.x.

	30.	 Khreiss T, József L, Hossain S, Chan JS, Potempa LA, Filep JG. 
Loss of pentameric symmetry of C-reactive protein is associ-
ated with delayed apoptosis of human neutrophils. J Biol Chem. 
2002;277:40775–81. https​://doi.org/10.1074/jbc.M2053​78200​.

	31.	 Zouki C, Haas B, Chan JS, Potempa LA, Filep JG. Loss of 
pentameric symmetry of C-reactive protein is associated with 
promotion of neutrophil-endothelial cell adhesion. J Immunol. 
2001;167:5355–61. https​://doi.org/10.4049/jimmu​nol.167.9.5355.

	32.	 Heuertz RM, Schneider GP, Potempa LA, Webster RO. Native 
and modified C-reactive protein bind different receptors on human 
neutrophils. Int J Biochem Cell Biol. 2005;37:320–35. https​://doi.
org/10.1016/j.bioce​l.2004.07.002.

	33.	 Khreiss T, Jozsef L, Potempa LA, Filep JG. Conformational rear-
rangement in C-reactive protein is required for proinflammatory 
actions on human endothelial cells. Circulation. 2004;109:2016–
22. https​://doi.org/10.1161/01.CIR.00001​25527​.41598​.68.

	34.	 Khreiss T, József L, Potempa LA, Filep JG. Opposing effects of 
C-reactive protein isoforms on shear-induced neutrophil-platelet 
adhesion and neutrophil aggregation in whole blood. Circulation. 
2004;110:2713–20. https​://doi.org/10.1161/01.CIR.00001​46846​
.00816​.DD.

	35.	 Li HY, Wang J, Meng F, Jia ZK, Su Y, Bai QF, Lv LL, Ma FR, 
Potempa LA, Yan YB, Ji SR, Wu Y. An intrinsically disordered 
motif mediates diverse actions of monomeric C-reactive protein. 
J Biol Chem. 2016;291:8795–804. https​://doi.org/10.1074/jbc.
M115.69502​3.

	36.	 Kinoshita CM, Ying SC, Hugli TE, Siegel JN, Potempa LA, Jiang 
H, Houghten RA, Gewurz H. Elucidation of a protease-sensitive 
site involved in the binding of calcium to C-reactive protein. Bio-
chemistry. 1989;28:9840–8.

	37.	 Ying SC, Shephard E, De Beer FC, Siegel JN, Harris D, Gewurz 
BE, Fridkin M, Gewurz H. Localization of sequence-determined 

neoepitopes and neutrophil digestion fragments of C-reactive 
protein utilizing monoclonal antibodies and synthetic peptides. 
Mol Immunol. 1992;29:677–87.

	38.	 Shephard EG, Beer SM, Anderson R, Strachan AF, Nel AE, 
de Beer FC. Generation of biologically active C-reactive 
protein peptides by a neutral protease on the membrane of 
phorbol myristate acetate-stimulated neutrophils. J Immunol. 
1989;143:2974–81.

	39.	 Shephard EG, Anderson R, Rosen O, Myer, Fridkin M, Strachan 
AF, De Beer FC. Peptides generated from C-reactive protein by a 
neutrophil membrane protease. Amino acid sequence and effects 
of peptides on neutrophil oxidative metabolism and chemotaxis. 
J Immunol. 1990;145:1469–76.

	40.	 Heuertz RM, Ahmed N, Webster RO. Peptides derived from 
C-reactive protein inhibit neutrophil alveolitis. J Immunol. 
1996;156:3412–7.

	41.	 El Kebir D, Zhang Y, Potempa LA, Wu Y, Fournier A, Filep JG. 
C-reactive protein-derived peptide 201-206 inhibits neutrophil 
adhesion to endothelial cells and platelets through CD32. J Leu-
koc Biol. 2011;90:1167–75. https​://doi.org/10.1189/jlb.01110​32.

	42.	 Ji SR, Wu Y, Potempa LA, Qiu Q, Zhao J. Interactions of C-reac-
tive protein with low-density lipoproteins: implications for an 
active role of modified C-reactive protein in atherosclerosis. Int 
J Biochem Cell Biol. 2006;38:648–61. https​://doi.org/10.1016/j.
bioce​l.2005.11.004.

	43.	 Caprio V, Badimon L, Di Napoli M, Fang WH, Ferris GR, Guo 
B, Iemma RS, Liu D, Zeinolabediny Y, Slevin M. pCRP-mCRP 
dissociation mechanisms as potential targets for the develop-
ment of small-molecule anti-inflammatory chemotherapeutics. 
Front Immunol. 2018;9:1089. https​://doi.org/10.3389/fimmu​
.2018.01089​.

	44.	 Li HY, Liu XL, Liu YT, Jia ZK, Filep JG, Potempa LA, Ji SR, 
Wu Y. Matrix sieving-enforced retrograde transcytosis regu-
lates tissue accumulation of C-reactive protein. Cardiovasc Res. 
2019;115:440–52. https​://doi.org/10.1093/cvr/cvy18​1.

	45.	 Jabs WJ, Lögering BA, Gerke P, Kreft B, Wolber EM, Klinger 
MHF, Fricke L, Steinhoff J. The kidney as a second site of 
human C-reactive protein formation in vivo. Eur J Immunol. 
2003;33:152–61.

	46.	 Ramage L, Proudfoot L, Guy K. Expression of C-reactive pro-
tein in human lung epithelial cells and upregulation by cytokines 
and carbon particles. Inhal Toxicol. 2004;16:607–13. https​://doi.
org/10.1080/08958​37049​04645​99.

	47.	 Yasojima K, Schwab C, McGeer EG, McGeer PL. Human neurons 
generate C-reactive protein and amyloid P: upregulation in Alzhei-
mer’s disease. Brain Res. 2000;887:80–9. https​://doi.org/10.1016/
s0006​-8993(00)02970​-x.

	48.	 Calabro P, Chang DW, Willerson JT, Yeh ET. Release of C-reac-
tive protein in response to inflammatory cytokines by human adi-
pocytes: linking obesity to vascular inflammation. J Am Coll Car-
diol. 2005;46:1112–3. https​://doi.org/10.1016/j.jacc.2005.06.017.

	49.	 Kuta AE, Baum LL. C-reactive protein is produced by a small 
number of normal human peripheral blood lymphocytes. J Exp 
Med. 1986;164:321–6. https​://doi.org/10.1084/jem.164.1.321.

	50.	 Bello-Perez M, Falco A, Medina R, Encinar JA, Novoa B, Perez 
L, Estepa A, Coll J. Structure and functionalities of the human 
C-reactive protein compared to the zebrafish multigene family of 
C-reactive-like proteins. Dev Comp Immunol. 2016. https​://doi.
org/10.1016/j.dci.2016.12.001.

	51.	 Chen R, Qi J, Yuan H, Wu Y, Hu W, Xia C. Crystal structures 
for short-chain pentraxin from zebrafish demonstrate a cyclic 
trimer with new recognition and effector faces. J Struct Biol. 
2015;189:259–68. https​://doi.org/10.1016/j.jsb.2015.01.001.

	52.	 Zhang L, Liu SH, Wright TT, Shen ZY, Li HY, Zhu W, Potempa 
LA, Ji SR, Szalai AJ, Wu Y. C-reactive protein directly suppresses 
Th1 cell differentiation and alleviates experimental autoimmune 

https://doi.org/10.1161/01.CIR.102.18.2165
https://doi.org/10.1161/CIRCULATIONAHA.113.007124
https://doi.org/10.1161/CIRCULATIONAHA.113.007124
https://doi.org/10.1016/0161-5890(87)90028-9
https://doi.org/10.1016/0161-5890(87)90028-9
https://doi.org/10.1039/C2SM25779C
https://doi.org/10.1093/cvr/cvs237
https://doi.org/10.1093/cvr/cvs237
https://doi.org/10.1111/j.1750-3639.2011.00539.x
https://doi.org/10.1111/j.1750-3639.2011.00539.x
https://doi.org/10.1074/jbc.M205378200
https://doi.org/10.4049/jimmunol.167.9.5355
https://doi.org/10.1016/j.biocel.2004.07.002
https://doi.org/10.1016/j.biocel.2004.07.002
https://doi.org/10.1161/01.CIR.0000125527.41598.68
https://doi.org/10.1161/01.CIR.0000146846.00816.DD
https://doi.org/10.1161/01.CIR.0000146846.00816.DD
https://doi.org/10.1074/jbc.M115.695023
https://doi.org/10.1074/jbc.M115.695023
https://doi.org/10.1189/jlb.0111032
https://doi.org/10.1016/j.biocel.2005.11.004
https://doi.org/10.1016/j.biocel.2005.11.004
https://doi.org/10.3389/fimmu.2018.01089
https://doi.org/10.3389/fimmu.2018.01089
https://doi.org/10.1093/cvr/cvy181
https://doi.org/10.1080/08958370490464599
https://doi.org/10.1080/08958370490464599
https://doi.org/10.1016/s0006-8993(00)02970-x
https://doi.org/10.1016/s0006-8993(00)02970-x
https://doi.org/10.1016/j.jacc.2005.06.017
https://doi.org/10.1084/jem.164.1.321
https://doi.org/10.1016/j.dci.2016.12.001
https://doi.org/10.1016/j.dci.2016.12.001
https://doi.org/10.1016/j.jsb.2015.01.001


823Regulation of C‑reactive protein conformation in inflammation﻿	

1 3

encephalomyelitis. J Immunol. 2015;194:5243–52. https​://doi.
org/10.4049/jimmu​nol.14029​09.

	53.	 Pepys MB, Hirschfield GM, Tennent GA, Gallimore JR, Kahan 
MC, Bellotti V, Hawkins PN, Myers RM, Smith MD, Polara A, 
Cobb AJ, Ley SV, Aquilina JA, Robinson CV, Sharif I, Gray GA, 
Sabin CA, Jenvey MC, Kolstoe SE, Thompson D, Wood SP. 
Targeting C-reactive protein for the treatment of cardiovascular 
disease. Nature. 2006;440:1217–21. https​://doi.org/10.1038/natur​
e0467​2.

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.4049/jimmunol.1402909
https://doi.org/10.4049/jimmunol.1402909
https://doi.org/10.1038/nature04672
https://doi.org/10.1038/nature04672

	Regulation of C-reactive protein conformation in inflammation
	Abstract
	Introduction
	Structural characteristics of CRP provide insight into conformational changes
	Native CRP is pentameric
	mCRP is a naturally occurring isoform of CRP
	pCRP* is the predominant conformation of CRP deposited in inflammatory tissue

	Membrane–induced dissociation of pCRP releases its proinflammatory activity
	mCRP exerts its proinflammatory activity primarily via interaction with lipid raft
	Reduction of disulfide bond enhances the proinflammatory activity of mCRP
	Model of stepwise conformation transition of CRP to modulate inflammatory response
	Perspective
	Acknowledgements 
	References




